HPLC techniques have been applied to study amino acid uptake and release by Trichomonas vaginalis under a variety of conditions. Studies on the growth of T. vaginalis in complex media and the survival of the parasite in simple media, with and without amino acids and/or maltose, have shown that the growth or survival of T. vaginalis is better in the presence of maltose than when it is absent, and that greater amounts of amino acids are consumed by T. vaginalis in the absence of maltose. The results are consistent with several amino acids, notably arginine, threonine, leucine and methionine, being used by T. vaginalis as energy substrates. T. vaginalis released alanine and glycine into the culture media, the excretion being greater in the presence of maltose. These studies have provided new data on the uptake and release of amino acids by T. vaginalis and pave the way for detailed analysis of key enzymes and the regulation of the pathways involved.
INTRODUCTION
Trichomonas vaginalis is an anaerobic, flagellated protozoon which causes vaginal trichomoniasis, a major sexually transmitted disease of humans (Honigberg, 1989) . The parasite relies heavily on glycolysis for energy production (Muller, 1988 (Muller, , 1991 Coombs & Muller, 1995) , but it has been suggested that arginine may also serve as an energy substrate (Linstead & Cranshaw, 1983) . Exogenous methionine is rapidly taken up and catabolized by the parasite (Thong et al., 1987) and some released products are suggestive of other amino acids also being catabolized (Lockwood & Coombs, 1991b; North & Lockwood, 1995) . However, there have been no reports on the uptake and utilization of other amino acids by T. vaginalis or the extent to which amino acids can support parasite growth and survival in the absence of exogenous carbohydrates. The aim of this study was to determine which amino acids will support the growth or survival of T. vaginalis and to analyse the amino acid changes that occur during the incubation of the parasite in different media. The results provide detailed information on the amino acid uptake and release by T. vaginalis and so provide important baseline data for further studies on the functional 
METHODS
Parasite. Trichomonas vaginalis clone G3 was used throughout this study and was routinely grown in modified Diamond's medium (MDM) at 37 O C as described previously by Lockwood et al. (1 984).
Experimental incubations of T. vaginalis. All experimental incubations were carried out in triplicate and on multiple occasions using the following media.
Simple media. Several media were used: (1) HEPES, 0.1 M HEPES, pH 7.5 ; (2) HEPES + maltose, HEPES supplemented with maltose (0.5%, w/v, 13.9 mM); (3) HEPES+AAM, HEPES supplemented to 12% (v/v) with a mixture of amino acids [AAM, comprising a 2: 1, v/v, mixture of MEM amino acids solution without glutamine (50 x ) and MEM non-essential amino acids solution (100 x ); this contained 19 amino acids and was adjusted to pH 7.0 before use]; (4) HEPES+ AAM + maltose, HEPES + AAM supplemented with maltose to 0.5% (w/v); (5) HEPES+single amino acids, HEPES supplemented with L-amino acids individually at 10 mM (0.1 M stock solutions of individual amino acids were made up in 0.1 M HEPES; the final pH was adjusted to 7.5). Parasites from late exponential phase cultures in MDM were harvested by centrifugation (1500g, 10 min), washed three times with 0.1 M HEPES, pH 7.5, and then added to the simple media to a density of 3-0-3.5 x 10' ml-'. All incubations were performed using 8 ml medium in closed 110 x 16 mm screw-cap tubes at 37 O C 
with air as the gas phase. The densities of motile cells (flagella motility was taken as the criterion of cell viability) were determined hourly using a haemocytometer.
Complex media. The following media were used: (1) MDM( +), standard MDM which contains 0.5% (w/v) maltose; (2) MDM( -), MDM without maltose; (3) MDM( -) +single amino acids, MDM( -) supplemented with individual amino acids at 10 mM [O-l M stock solutions of individual amino acids were made up in MDM(-) and the final pH was adjusted to 7-01. The parasites were harvested as for the ex eriments with simple media, inoculated to a density of 10 ml-' in 8 ml complex medium and incubated at 37 "C in closed tubes with air as the gas phase. Cells densities were determined daily for 4 d.
Analysis of amino acid concentrations in media using HPLC
Sample preparation. Aliquots (0.2 ml) were taken hourly from the incubations in simple media and daily for the growth experiments. The time 0 aliquots were taken immediately after inoculation of the parasites. The cells were removed from the aliquots by centrifugation (lOOOOg, 10 min) and the resultant cell-free samples deproteinized by addition of 4 vols cold methanol, incubation for 10 rnin at 4 "C, and centrifugation as previously. The supernatants were used immediately or stored at -20 OC.
Analysis using HPLC. Samples containing amino acids were mixed with 4 vols o-phthaldialdehyde-thiol (OPT) reagent, prepared as described by Joseph & Marsden (1986) , immediately before being subjected to HPLC analysis. A Rainin Dyn Microsorb C18 4-6 x 150 mm column was used. Solvent A was 0.02 M sodium acetate/methanol/tetrahydrofuran (85 : 11 : 4, by vol.) and solvent B was acetonitrile. The flow rate was 1.3 ml min-' and elution was effected using 0-18 % solvent B over the first 13 min, 18-30 % solvent B over 11 min and 30-0 YO solvent B over 2 min, with 4 min subsequent re-equilibration with solvent A. Detection was with a Gilson model 121 fluorometer. All mobile phases were continuously degassed with helium. Amino acids were identified according to their retention times and quantified by use of standard calibration curves. Fifteen peaks were detected when complex medium was analysed. Twelve corresponded to individual amino acids, but three peaks each contained two amino acids (histidine/glutamine, tryptophan/ phenylalanine and valine/methionine) and so the concentrations of these individual amino acids could not be determined. Neither cysteine nor proline react with O P T and so were not detected. AAM does not contain glutamine, which aided data interpretation for the experiments using simple media. The final peak eluted (lysine) proved inconsistent and so was excluded from the study. All samples were analysed by HPLC at least three times except where indicated.
Chemicals. MEM amino acids solutions were from Gibco, tetrahydrofuran and methanol were from Scotlab and acetonitrile was from Applied Biosystems. All other chemicals were from Sigma.
!

RESULTS
Simple media
The number of motile parasites gradually declined during the incubation in HEPES buffer alone, such that only approximately 50% remained motile by 4 h (Fig. 1) . Addition of the amino acid mixture at 12% (v/v) had a considerable beneficial effect, with significant cell death occurring only subsequent to 3 h. Parasites survived less well in media containing the AAM at 3 % (data not shown). When maltose was added, all parasites survived for 4 h. Some individual amino acids, notably arginine, threonine and leucine, also aided parasite survival such that the numbers remaining after 3 h in buffer supplemented individually with these amino acids were (mean log densities, n = 3) 6.42f0.03, 6-38f0.04 and 6.37 f 0.02, respectively, whereas only 6.26 f 0.03 remained in buffer alone (log initial number of cells ml-' : 6.54).
The changes in concentrations of amino acids during incubations of T. vaginalis over 3 h in the simple media are given in Table 1 . The amino acids are listed in the order in which they were eluted from the column, aspartate being the first. The concentrations of most amino acids decreased over 3 h in both the media, but those in the maltose-free medium decreased more. This was also true for the co-eluted valine/methionine and tryptophan/ phenylalanine peaks. Arginine, threonine and leucine were the amino acids consumed in greatest amounts by T. vaginalis in the maltose-free medium. The concentration of alanine increased in both media, but especially when maltose was present. The concentration of glycine was minimally decreased in HEPES + AAM whereas a very small amount was released into the medium containing maltose.
Complex media
Of the complex media used in this study, T. vagina1i.r grew best in MDM(+) (Fig. 2) . The maximum cell density reached in MDM( + ) was considerably greater than that in MDM( -). T. vaginalis lived for only 3 d in MDM( +), probably because the pH decreased very quickly (Fig. 2) whereas some cells remained viable for 6-7 d in MDM( -) (data not shown). The amino acid concentrations were analysed only for the first 3 d, during which most cells were living and there was insignificant cell lysis.
The changes in concentrations of amino acids in MDM( -) and MDM( +) over 3 d of T. vaginalis culture are shown in Table 2 . Most amino acids decreased in concentration over the 3 d, with the decreases in many cases being somewhat greater in MDM(-) than in MDM( + ). The unresolved valine/methionine and tryptophan/phenylalanine peaks also decreased, the latter very considerably. Leucine was consumed in particularly large amounts, with concentrations of arginine, glutamic acid, threonine and serine also decreasing greatly. Alanine and glycine increased in concentration in both media, but the increases were more than twofold greater in MDM( +).
Twenty L-amino acids were individually added to MDM(-) and their effects on the growth of T. vaginalis were studied. It was found that six amino acids (arginine, threonine, leucine, isoleucine, glutamic acid and phenylalanine) had beneficial effects on the growth of T. vaginalis in the absence of maltose (Fig. 3) . The cell densities of T. vaginalis cultured in the MDM (-) supplemented with these amino acids were markedly higher on days 2 and 3 than in MDM(-) alone, and greater amounts of the amino acids were consumed. Methionine, glutamine and homoserine, when added in the same way, also potentiated growth, but to a smaller extent (data not shown).
DISCUSSION
The results have shown that T. vaginalis grows or survives much better in the media containing maltose than in the maltose-free media (Figs 1 and 2) . These results support the view that the major energy substrates for this parasite are carbohydrates (Muller, 1988 (Muller, ,1991 Coombs & Muller, 1995) . Amino acids, however, also aided parasite survival (Fig. 1 ) and indeed growth (Fig. 3) in the absence of added maltose, and it was also found that T. vaginalis consumes larger amounts of amino acids in the absence of maltose than in its presence (Tables 1 and 2 ). These data are consistent with the idea that amino acids may be used as energy substrates by T. vaginalis, but they also suggest that such use is relatively unimportant when carbohydrates are Uptake of amino acids by T. vaginalis present. Presumably amino acids are mainly taken up for other purposes, such as protein synthesis, when maltose is abundantly available.
It is interesting that there was found to be little difference between the survival of the parasite during the first hour of suspension in the various simple media. This is perhaps a reflection of the residual energy substrates, such as glycogen, in the cells. The data obtained using the complex media have to be interpreted with caution. Though MDM( -) was devoid of added maltose, it still contained the small amounts of carbohydrates present in the other constituents of the medium. It is likely that these carbohydrates would have been completely consumed by
T. vaginalis during the initial phase of the culture, but their presence may well explain why there were found to be no large differences between the first day of growth of T.
vaginalis in MDM(-), MDM(+), and MDM(-) supplemented with single amino acids. MDM also contains proteins which could be used by the parasite as a source of amino acids. This may account for the relatively low consumption of free amino acids from MDM compared with the consumption from the simple media (compare Tables 1 and 2 ). Nevertheless, the data from the experiments using MDM show that amino acids were consumed in significant quantities.
Previous studies have shown that T. vaginalis rapidly consumes arginine from the environment and catabolizes it through an energy-yielding pathway (Linstead & Cranshaw, 1983) . It has also been reported that methionine is rapidly consumed and catabolized by the parasite in vitro (Thong et al., 1987; Lockwood & Coombs, 1989 , 1991a . Enzymes that could utilize leucine and threonine, leucine aminotransferase and threonine dehydratase, respectively, have also been detected at high activity in the parasite (Lowe & Rowe, 1986; Lockwood & Coombs, 1991b) . The current study has now provided evidence supporting the suggestion that arginine, threonine and leucine are used as energy substrates in the absence of carbohydrates. The results show, however, that several other amino acids are also consumed by T. vaginalis and are beneficial to its growth or survival in the maltose-free media and so suggest that the parasite may be able to use several amino acids as energy substrates.
The major end-products known to be excreted by growing T. vaginalis are glycerol, lactate, acetate, CO, and H, (Muller, 1988 (Muller, , 1991 Coombs & Muller, 1995) , with some alanine also being produced from glucose (Chapman et al., 1985) . The results of this study show that glycine should be added to this list of products. It is interesting that alanine and glycine were both excreted by T. vaginalis in greater amounts when maltose was present. This may simply reflect the higher rate of metabolism supported by maltose, but could also be due to different pathways operating when maltose is absent. It has been shown that Giardia lamblia, another anaerobic, parasitic protist, also produces alanine as a major end-product of carbohydrate metabolism (Edwards e t al., 1989) , but only under anaerobic conditions (Paget e t al., 1990) . Oxygen was not removed in setting up the cultures in the current study, although it is likely that the oxygen initially present in the complex medium would have been removed relatively quickly by the growing parasites. Thus it is possible that the relatively small net production of alanine by T. vaginalis suspended for short periods in the simple media, compared with the production when growing in complex media, could reflect, in part, the different concentrations of oxygen that were present during the incubations. Glycine is also excreted by G. lamblia (Edwards et al., 1989) and we have recently found that Entamoeba histolytica and E. invadens release significant amounts of both alanine and glycine when growing axenically in culture, and that the production is greater when glucose is present (X. Zuo and others, unpublished).
T. vaginalis, G. lamblia and the two species of Entamoeba
are all lumen-dwelling parasitic protists and although they are not phylogenetically very close they do share a number of features, such as a fermentative metabolism and the apparent lack of mitochondria, which are considered to be adaptations for anaerobiosis (Muller, 1988 ; Coombs & Miiller, 1995) . It has been found that Giardia and the Entamoeba species also consume arginine and other amino acids (Schofield e t al., 1990; Schofield & Edwards, 1991 , 1994 North & Lockwood, 1995; X. Zuo and others, unpublished) and so it now appears that an ability to catabolize some amino acids for energy production, and release alanine and glycine as end-products of this breakdown, may be adaptations for anaerobiosis that are common features of this group of anaerobic, parasitic protists.
This study has provided the first quantitative data on the consumption of a range of amino acids by T. vaginalis.
These baseline data pave the way for more detailed investigations. The intention now is to determine how amino acid consumption varies with environmental conditions (for example, how the rate of uptake depends upon the availability of individual amino acids), the pathways by which the individual amino acids are broken down, the subcellular location of these pathways, and how the catabolism of amino acids is regulated.
